In a recent study, the authors performed numerical simulations of conditionally unstable flows past a mesoscale mountain ridge in order to investigate the statistically stationary features of the solution precipitation characteristics for intermediate-to-high values of Convective Available Potential Energy (CAPE). That study proposed a functional dependence of the rainrate on three parameters, related respectively to the triggering and the orographic forcing of convection and to the ratio of the advective to convective time scales. In the present study we extend that analysis in order to cover larger regions of the parameter space, including experiments corresponding to a wider range of CAPE. It is found here that the low-CAPE, moderate-wi nd experiments do not fit the functional dependence for rainrate amount and location proposed in the authors' previous study.
Introduction
Conditionally unstable flow over complex orography is a common ingredient of many heavy-precipitation events (Lin et al. 2001) . With respect to stably stratified (Miglietta and Buzzi 2001; Jiang 2003 ) and moist-neutral (Rotunno and Ferretti 2001; Rotunno 2005, 2006) flows, the orographic precipitation in cases with conditional instability is very sensitive to a number of different factors involving the complex nature of moist convection (see e.g. Yoshizaki and Ogura 1998) .
This complexity, together with the three-dimensional stochastic nature of turbulent convection interacting with precipitation microphysics (Bryan et al. 2003) , makes the determination of the conditions favorable to large precipitation accumulation particularly difficult.
In Miglietta and Rotunno (2009; MR09) , three-dimensional numerical si mulations of conditionally unstable flows past a mesoscale mountain ridge were undertaken to investigate the statistically stationary features of the solution precipitation characteristics. MR09 found that the response of the simulated precipitation to different wind speeds U for a moderate-tohigh value of Convective Available Potential Energy (CAPE~ 1900 J kg (Chu and Lin 2000; Chen and Lin 2005) and in si mulations of some case studies (Stein 2004 ).
MR09 also explored the effect of the topography on the simulated precipitation characteristics. It was found that, in general, a narrower and/or shorter ridge produces a precipitation pattern shifted downstream with respect to a wider and/or higher ridge (see also Davolio et al. 2006) , as the location where air parcels reach the level of free convection (LFC) is displaced laterally closer to the ridge top in the former case of MR09). showed very different nondime nsional maximum rainfall amounts and locations. The purpose of the present paper is to explain this result and to extend MR09's proposed functional dependence by consideration of additional nondimensional parameters.
Numerical experiments
The present study is carried out using the 3D numerical model described in Bryan and Fritsch (2002) (www.mmm.ucar.edu/people/bryan/cm1). The numerical setup is the same as MR09 (their Fig. 1a) , so we will refer to that paper for further details and limit our description here to just the essential information. The domain is 320 km long and 20 km wide with a horizontal grid spacing of 250 m, which is acceptable for simulating 3D precipitating turbulent convection (Bryan et al. 2003) . The vertical extent of the domain is 20 km, with 59 levels having a vertical grid spacing varying from 250 m close to the ground to 500 m in the upper levels.
The orography is prescribed by the bell shape are discussed in Section 3, where the dependence of the nondimensional rainrate on two additional nondime nsional parameters is also proposed.
Concluding remarks and the prospects for future work are given in Section 4. Table 1 , Exps. 10-12 and the gray numbers in Fig. 2 ) and for τ a/ τ c = 6.6 (compare Table 1 , Exps. 22-24 with Exps. 28-35; see also the gray numbers in Fig. 3 ).
Low-CAPE regime

3.b U = 10 m s -1
Some of the low-CAPE solutions for U = 10 m s [25] [26] [27] [42] [43] [44] . Based on elementary considerations we note that the density current (cold-pool) intrinsic propagation speed u c is proportional to the potentialtemperature deficit Θ' in the cold pool,
where h c is the height of the cold pool and the D(owndraft)CAPE is a measure of the cold-pool buoyancy produced by rainy downdrafts (see Gilmore and Wicker 1998) . Now for a stationary cold pool to exist, u c should be comparable with the upstream flow u so that they approximately counterbalance each other, that is:
The perturbation velocity u' represents a modification to the upstream environmental wind speed due to orographic and/or cold-pool effects and is generally negative (i.e. upstream-flow deceleration). For the high-CAPE cases considered by MR09, the DCAPE was also large and thus the satisfaction of (3) required a large wind speed which, as described in the previous paragraph, produced a solution with statistically stationary cells 14 on the upwind face of the ridge with little time for significant cold-pool formation. For low-CAPE cases, the lower DCAPE in the sounding implies that (3) can be satisfied with a weaker wind which, in turn, produces solutions allowing stationary upwind cold pools; moreover, Fig. 4a suggests that there is a significant deceleration of the flow upwind of the cold pool that acts to help satisfy (3).
We can estimate the deceleration induced by the cold pool on the upstream flow by analogy with the upstream effects of mountains in stratified flows. Treating the cold pool as equivalent to an obstacle, we obtain:
where h c~ LFC is required for the triggering of new convection by the cold pool and the maintenance of a steady state.
Based on these considerations, we propose to include in our nondimensional analysis two additional numbers: We analyze the data in Table 1 in order to identify a correspondence between specific sets of experime nts and regions of the subspace defined by these two parameters. The data indicates that the only experiments that do not fit the functional dependence in MR09, are the ones with:
Our analysis of the solutions satisfying these conditions shows that they all have steady-state cold pools as in Fig. 4a . /U < or = 2.6 indicating relatively weak cold-pool potential;
however, Exp. 15 has a much larger value of N LFC/U, which as is evident in Fig. 4a , indicates a deceleration of the environmental wind and thus a quasi-stationary density current.
In another approach to understanding the implications of (5) In light of these findings we believe MR09's (4) should be modified to
which accounts for cold-pool dynamics independently of the convection dynamics characterized by τ a/ τ c . Figure 5 shows the nondimensional rainrate maximum and its location for the subset of experiments defined by (5) (including those with different values of τ a /τ c ). The rainfall maximum is localized mainly upstream and its intensity is largely independent of the mountain parameters (h m , a). As discussed earlier, this is consistent with the fact that cold pools have a similar depth and intensity in all cases, so that the parcels receive a similar uplift independent of mountain shape.
The mechanism responsible for the specific flow response in the case of low CAPE is illustrated in Fig. 6 . As in MR09's Fig. 8 (top panel) , the ridge top is above the level of free convection, so that convective cells are initially triggered by upslope flow with the rainfall generated on the upstream side of the ridge evaporating and producing a cold pool;
however, the cold pool, which is shallow and weak, is not strong enough to propagate against the environmental flow (which itself is decelerated by the presence of the cold pool) but remains quasi-stationary in the latter part of the simulation. Cells continue to be triggered at the cold pool's leading edge with rainfall evaporation replenishing it. [In this low-CAPE case, weak rainfall is also produced in association with flow-parallel rainbands similar to those in MR09's Fig. 4a and Kirshbaum et al. (2007) .] Thus a balance is reached between the flow upstream and the density-current intrinsic propagation speed.
Finally, if we estimate the change in low-level potential temperature from the soundings shown in Fig. 1 , we see that for the low-CAPE case 18 cooling occurs through evaporation of rain into the relatively high-θ e air of the ambient boundary layer; following a moist adiabatic down to the surface from the LCL gives a good estimate of this effect, which is θ' ~-3 K and nearly equal to that from the simulation results. Vertical cross sections of θ e (not shown), similar to those shown in MR09's Fig. 7, indicate that low-θ e air from mid-levels does not descend to the ground in these cases.
Conclusions
The present study extends the investigation of the parameter space for conditionally unstable flows past a mountain ridge started in MR09. In that paper, dimensional analysis revealed that the maximum nondimensional rainfall rate mainly depends on three parameters: the ratio of mountain . For these simulations, the density current and the environmental flow approximately counterbalance each other, so that convective cells continually precipitate in more-or-less the same location with respect to the orography and, due to their persistence, can produce a large rainfall amount. The simi lar cold pool height and intensity in all the experiments explains why the rainrate is almost independent of the value of the nondimensional mountain-shape parameters. We note that the values given by (5) are specific to the soundings used here; the more general message, however, is that such solutions exist in a narrow range of parameter space.
The occurrence of heavy-rain convective events around the world is well documented in the literature (see Richard et al. 2007 for a review), especially concerning convective systems which remain quasi-stationary for several hours (Schroeder 1977; Caracena et al. 1979; Senesi et al 1996; Pontrelli et al. 1999; Romero et al. 2000; Lyman et al., 2005; Delrieu et al., 2006) . Generally, it is difficult to identify a sounding representative of the upstream conditions in these papers. However, in three of these events, we could easily identify a reference sounding and thus estimate the nondimensional numbers we identified; the results are shown in Table 2 . It can be seen that all of these events belong to regions of the parameter space characterized by large rainfall rates.
Our experiments have been, on the other hand, limited to very idealized atmospheric profiles and topography. In order to apply the results of the present idealized simulations to real-world conditions, some of these case studies will be analyzed in a forthcoming paper within our simplified numerical setup, and the rainfall amount and distribution will be discussed in terms of the functional dependence proposed in MR09 and in the present paper. Finally, the analysis of more realistic atmospheric conditions will be extended with the study of the impact of a vertically varying wind on the formation and development of convective cells. 
